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Study on the radiative decays of hc via intermediate meson loops model
Qi Wu, Gang Li∗, Yawei Zhang
College of Physics and Engineering, Qufu Normal University, Qufu 273165, China
(Dated: October 9, 2018)
Recently, the BESIII Collaboration reported two new decay processes hc(1P ) → γη and
γη′. Inspired by this measurement, we propose to study the radiative decays of hc via
intermediate charmed meson loops in an effective Lagrangian approach. With the acceptable
cutoff parameter range, the calculated branching ratios of hc(1P ) → γη and γη′ are orders
of 10−4 ∼ 10−3 and 10−3 ∼ 10−2, respectively. The ratio Rhc = B(hc → γη)/B(hc → γη′)
can reproduce the experimental measurements with the commonly acceptable α range. This
ratio provide us some information on the η − η′ mixing, which may be helpful for us to test
SU(3)-flavor symmetries in QCD.
PACS numbers: 13.25.GV, 13.75.Lb, 14.40.Pq
I. INTRODUCTION
The properties of charmonium states and their related theoretical ideas and methods which is
based on theory of Quantum Chromodynamics(QCD) have already a lot of knowledge [1] since the
first charmonium state J/ψ was observed in 1974 [2, 3]. All the charmonium states below DD¯
threshold have been observed experimentally and can be well described by potential models [4].
Among these states, the P -wave spin-singlet state hc(
1P1) is the last charmonium state below the
DD¯ threshold that was confirmed experimentally. In 1992, the E760 Collaboration at Fermi Lab
first established this state in the pp¯ annihilation. Since the quantum numbers of hc is J
PC = 1+−,
it cannot be produced in e+e− annihilation directly. As a result, there are only a few decay modes
of hc observed experimentally. The dominant decay mode of hc is E1 radiative transition and the
branching ratio of hc → γηc is about (51± 6)% [5, 6]. The hadronic decay hc → 2(π+π−)π0 has a
branching ratio (2.2+0.8−0.7)% [7], while the branching ratio of hadronic decay hc → 3(π+π−)π0 only
has an upper limit < 2.9% [7]. Accordingly, there are not many theoretical studies of hc. The hc
production at hadron collider [8], e+e− annihilation [9] and B factory [10–12] are investigated. In
Ref. [13], authors studied the O(αsv
2) corrections to the decays of hc in non-relativistic QCD. In
Ref. [14], Guo et al. applied the NREFT to study the isospin violation mechanisms of ψ′ → hcπ0.
Liu and Zhao in Ref. [15] studied the helicity selection rule evading mechanism of the process hc
decaying to baryon anti-baryon pairs with effective Lagrangian approach. Recently, Zhu and Dai
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2in Ref. [16] studied the η and η′ production in the radiative hc decay with light-cone factorization
approach.
Since the hc has negative C parity, it very likely decays into a photon plus a pseudoscalar
meson, such as ηc, η and η
′. Very recently, based on the 4.48 × 108 ψ′ events collected with the
BESIII detector operating at the BEPCII storage ring, the BESIII Collaboration firstly observed
the radiative decay processes hc → γη and γη′ with a statistical significance of 4.0σ and 8.0σ,
respectively [17]. The measured branching fractions of hc → γη and γη′ are (4.7±1.5±1.4)×10−4
and (1.52 ± 0.27 ± 0.29) × 10−3, respectively, where the first errors are statistical and the second
are systematic uncertainties. These two decay modes may be useful for providing constraints to
theoretical models in the charmonium region. The ratio between them can also be used to study
the η − η′ mixing [18], which is important to test SU(3)-flavor symmetries in QCD.
In this work, we will investigate the radiative decays hc → γη(γη′) via intermediate meson
loop(IML) model in an effective Lagrangian approach(ELA). IML transition is regarded as an
important nonperturbative transition mechanisms which has a long history [19–22] and recently
are widely used to study the production and decays of ordinary and exotic states [23–53]. The
paper is organized as follows: After the introduction in Sec. I, we will present calculation of the
radiative decays hc → γη(γη′) via the intermediate charmed meson loop and give some relevant
formulas in Sec. II. In Sec. III, the numerical results are presented. A brief summary will be given
in Sec. IV.
II. THE RADIATIVE DECAYS OF hc
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FIG. 1: The hadron-level diagrams for hc → γη and γη′ via charged intermediate charmed meson loops.
Similar diagrams for neutral and strange intermediate charmed meson loops.
Generally speaking, we should include all the possible intermediate meson exchange loops in
the calculation. In reality, the breakdown of the local quark-hadron duality allows us to pick up
the leading contributions as a reasonable approximation [19, 20]. The coupling between hc and
D(∗)D¯(∗) is an S-wave, so we consider the intermediate charmed meson exchange loops as the
leading contributions. At the hadronic level, as shown in Fig. 1, the initial state hc dissolves into
two charmed mesons which are off-shell and originated from the coupled channel effects. Then these
3two virtual charmed mesons turn into final photon and η(η′) meson by exchanging the charmed
meson.
In order to calculate the contributions from the charmed meson loops in Fig. 1, we need the
leading order effective Lagrangians for the couplings. Based on the heavy quark symmetry [54, 55],
the Lagrangian for the P-wave charmonia at leading order is
L = ig1Tr[Pµcc¯H¯2iγµH¯1i] + h.c. . (1)
where the spin multiplets for these four P-wave charmonium states are expressed as
Pµcc¯ =
1+ 6 v
2
(
χµαc2 γα +
1√
2
εµναβvαγβχc1ν +
1√
3
(γµ − vµ)χc0 + hµc γ5
)
1− 6 v
2
, (2)
with vµ being the 4-velocity of the multiplets.
The charmed and anti-charmed meson triplet read
H1i =
1+ 6 v
2
[D∗µi γµ −Diγ5] , (3)
H2i =
[D¯∗µi γµ − D¯iγ5] 1− 6 v2 , (4)
H¯1i,2i = γ
0H†1i,2iγ
0 (5)
where D and D∗ denote the pseudoscalar and vector charmed meson fields, respectively, i.e. D(∗) =(
D0(∗),D+(∗),D+(∗)s
)
. vµ is the 4-velocity of the charmed mesons. εµναβ is the antisymmetric Levi-
Civita tensor and ε0123 = +1.
Consequently, the relevant effective Lagrangian for hc reads
LhcD(∗)D(∗) = ghcD∗Dhµc
(DD¯∗µ +D∗µD¯)+ ighcD∗D∗εµναβ∂µhνcD∗αD¯∗β , (6)
where the coupling constants will be determined later.
The effective Lagrangian for light pseudoscalar meson coupled to charm mesons pair can be
constructed based on the heavy quark limit and chiral symmetry [54–56]
LD(∗)D(∗)P = −igD∗DP
(
Di∂µPijD∗j†µ −D∗iµ ∂µPijDj†
)
+
1
2
gD∗D∗PεµναβD∗µi ∂νP
↔
∂αD∗β†j , (7)
where P is 3× 3 matrices for the pseudoscalar octet, i.e.,
P =


pi0√
2
+ η cosαP+η
′ sinαP√
2
π+ K+
π− − pi0√
2
+ η cosαP+η
′ sinαP√
2
K0
K− K¯0 −η sinαP + η′cosαP

 . (8)
The physical states η and η′ are the linear combinations of nn¯ = (uu¯+ dd¯)/
√
2 and ss¯ and they
are taken to be the following form
|η〉 = cosαP |nn¯〉 − sinαP |ss¯〉
|η′〉 = sinαP |nn¯〉+ cosαP |ss¯〉 , (9)
4where αP ≃ θP + arctan
√
2. The empirical value for the pseudoscalar mixing angle θP should be
in the range −24.6◦ ∼ −11.5◦ [57]. In this work, we will take θP = −19.3◦ [58] and −14.4◦ [59],
respectively. The coupling constants will be determined in the next section.
In order to calculate these two radiative decay processes, the effective Langrangian containing
the interaction of photon are also needed. If we implement the minimal substitution ∂µ → ∂µ+ieAµ
for the free scalar and massive vector fields, then we can obtain the relevant Lagrangians [60, 61],
LDDγ = ieAµD−
↔
∂µD+ + ieAµD
−
s
↔
∂µD+s , (10)
LD∗D∗γ = ieAµ
[
gαβD∗−α
↔
∂µD∗+β + g
µβD∗−α ∂
αD∗+β − gµα∂βD∗−α D∗+β
]
+ieAµ
[
gαβD∗−sα
↔
∂µD∗+sβ + g
µβD∗−sα ∂
αD∗+sβ − gµα∂βD∗−sαD∗+sβ
]
, (11)
where A
←→
∂ µB = A∂µB − (∂µA)B, Fµν = ∂µAν − ∂νAµ, and Mµν = ∂µMν − ∂νMµ. Note that the
neutral interactions vanish. The interaction of D∗Dγ has the following form [62, 63]
LD∗Dγ = e
4
εµναβFµν [gD∗+D+γD
∗+
αβD
+ + gD∗0D0γD
∗0
αβD
0 + g
D∗+s D
+
s γ
D∗+sαβD
+
s ] +H.c. , (12)
With the above Lagrangians, we can write out the explicit transition amplitudes of hc(p1) →
[D(∗)(q1)D¯(∗)(q3)]D(∗)(q2)→ γ(p2)η(′)(p3) shown in Fig. 1,
M(a) =
∫
d4q2
(2π)4
[ghcD∗Dǫ1µ][eǫ2θ(q
θ
2 − qθ1)][−gD∗Dηp3ρ]
× i
q21 −m21
i
q22 −m22
i(−gµρ + qµ3 qρ3/m23)
q23 −m23
F(m2, q22), (13)
M(b) =
∫
d4q2
(2π)4
[ghcD∗Dǫ1µ][egD∗+D+γεθφκλp
θ
2ǫ
φ
2q
κ
2 ][−gD∗D∗ηερτσξpτ3qσ3 ]
× i
q21 −m21
i(−gλρ + qλ2 qρ2/m22)
q22 −m22
i(−gµξ + qµ3 qξ3/m23)
q23 −m23
F(m2, q22), (14)
M(c) =
∫
d4q2
(2π)4
[ghcD∗Dǫ1µ][eǫ
θ
2[gκλ(q2θ − q1θ) + gθλq2κ − gθκq1λ]][gD∗Dηp3ρ]
× i(−g
µκ + qµ1 q
κ
1/m
2
1)
q21 −m21
i(−gλρ + qλ2 qρ2/m22)
q22 −m22
i
q23 −m23
F(m2, q22), (15)
M(d) =
∫
d4q2
(2π)4
[ghcD∗D∗εµναβp
µ
1ǫ
ν
1 ] [egD∗+D+γεθφκλp
θ
2ǫ
φ
2q
κ
1 ][−igD∗Dηp3ρ]
× i(−g
βλ + qβ1 q
λ
1/m
2
1)
q21 −m21
i
q22 −m22
i
(−gαρ + qα3 qρ3/m23)
q23 −m23
F (m2, q22) , (16)
M(e) =
∫
d4q2
(2π)4
[ghcD∗D∗εµναβp
µ
1ǫ
ν
1 ]
[
eǫθ2 [gκλ (q2θ − q1θ) + gθλq2κ − gθκq1λ]
]
×[−gD∗D∗ηερτσξpτ3qσ3 ]
i(−gβκ + qβ1 qκ1/m21)
q21 −m21
i(−gλρ + qλ2 qρ2/m22)
q22 −m22
i(−gαξ + qα3 qξ3/m23)
q23 −m23
F (m2, q22) , (17)
5where p1, p2 and p3 are the four momenta of the initial state hc, final state photon and η(η
′),
respectively. ε1 and ε2 are the polarization vector of hc and photon, respectively. q1, q3 and q2 are
the four momenta of the charmed meson connecting hc and photon, the charmed meson connecting
hc and η(η
′), and the exchanged charmed meson, respectively.
In the triangle diagram of Fig. 1, the exchanged charmed mesons are off shell. To compensate
the offshell effect and to regularize the divergence [64–66], we introduce a monopole form factor,
F (m2, q22) = Λ
2 −m22
Λ2 − q22
, (18)
where q2 and m2 are the momentum and mass of the exchanged charmed meson, respectively. The
parameter Λ ≡ m2 + αΛQCD and the QCD energy scale ΛQCD = 220MeV. The determination of
this dimensionless parameter α depends on specific process, which is usually of order 1.
III. NUMERICAL RESULTS
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FIG. 2: (color online). (a) The α-dependence of the branching ratios of hc → γη (solid line) and γη′
(dashed line), respectively. The η-η′ mixing angle θP = −19.3◦ from Ref. [58]. (b) The α-dependence of
the branching ratios of hc → γη (solid line) and γη′ (dashed line), respectively. The η-η′ mixing angle
θP = −14.4◦ from Ref. [59].
The coupling constants ghcD∗D and ghcD∗D∗ are determined as
ghcD∗D = −2g1
√
mhcmDmD∗, ghcD∗D∗ = 2g1
mD∗√
mhc
, (19)
with g1 = −
√
mχc0/3/fχc0 , where mχc0 and fχc0 = 510± 40 MeV are the mass and decay constant
of χc0, respectively [54].
In the heavy quark and chiral limits, the charmed meson couplings to pseudoscalar mesons have
the following [56],
gD∗DP =
2g
fpi
√
mDmD∗ , gD∗D∗P =
gD∗DP√
mDmD∗
, (20)
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FIG. 3: (color online). (a). The branching ratios of hc → γη (solid line) and hc → γη′ (dashed line) in
terms of the η-η′ mixing angle with α = 0.3. (b). The branching ratios of hc → γη (solid line) and hc → γη′
(dashed line) in terms of the η-η′ mixing angle with α = 0.5.
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FIG. 4: (color online). The α-dependence of the ratios Rhc with η-η
′ mixing angle θP = −19.3◦ (solid line)
and θP = −14.4◦ (dashed line), respectively.
where g = 0.59, fpi = 132 MeV are adopted.
With the help of the measured experimental total width of D∗+ and the branching ratio of
D∗+ → D+γ [57], we determine the coupling constant gD∗+D+γ = 0.5GeV−1. Since the D∗0
and D∗±s total widths are kept unknown, we adopt the following values gD∗0D0γ ≃ 2.0GeV−1 [67]
andgD∗sDsγ = −0.3 ± 0.1GeV−1[68].
In Fig. 2 (a), we plot the α dependence of the branching ratios of hc → γη (solid line) and
hc → γη′ (dashed line) with θp = −19.3◦, respectively. We also zoom in detail of the figure
with a narrower range α = 0.2 ∼ 0.3 in order to show the best fit of α parameter. As shown
in this figure, there is no cusp structure in the curve which is because the mass of hc lies below
the intermediate DD¯∗ threshold. The α dependence of the branching ratios are not drastically
sensitive with commonly accepted α range. For the process hc → γη, our calculated branching
ratios can reproduce the experimental data [17] at α = 0.27 ± 0.06. For hc → γη′, the results
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FIG. 5: The Ratios Rhc in terms of the η-η
′ mixing angle with α = 0.3 (solid line) and α = 1.0 (dashed
line).
are consistent with the experimental measurements with α = 0.24 ± 0.03. At the same cutoff
parameter α, the calculated branching ratios of hc → γη′ are about 1 orders of magnitude larger
than that of hc → γη, which is mainly attribute to the η-η′ mixing shown in Eq. (9). In Fig. 2 (b),
with θP = −14.4◦, we plot the α dependence of the branching ratios of hc → γη (solid line) and
hc → γη′ (dashed line), respectively. We also zoom in detail of the figure with a narrower range
α = 0.15 ∼ 0.35 in order to show the best fit of α parameter. The behavior is similar to that of Fig.
2(a). With θP = −14.4◦, the branching ratios of hc → γη and γη′ can reproduce the experimental
data with α = 0.188+0.038−0.048 and 0.26
+0.02
−0.03, respectively. The errors for α are asymmetric. This
asymmetry comes from a fact that the α dependence of the B(hc → γη(η′)) is nonlinear.
In order to illustrate the impact of the mixing angle, in Fig. 3(a) and (b), we present the
branching ratios in terms of the η-η′ mixing angle with α = 0.3 (solid line) and 0.5 (dashed line),
respectively. In the case α = 0.3, when the mixing angle αP increase, the branching ratios of
hc → γη increase while the branching ratios of hc → γη′ decrease. This behaviour suggests how
the mixing angle influences our calculated results to some extent. A similar behavior appears in
the case α = 0.5.
As is well known, the η-η′ mixing is a long-standing question in the literature. This mixing
angle plays an important role in physical processes involving the η and η′ mesons. In Ref. [17], the
BESIII Collaboration measured the branching fraction ratio Rhc = [B(hc → γη)/B(hc → γη′)] =
[30.7 ± 11.3(stat) ± 8.7(sys)]%. This ratio Rhc can be used to study the η − η′ mixing [18], which
is important to test SU(3)-flavor symmetries in QCD. In Fig. 4, we plot the α dependence of the
ratio Rhc with θP = −19.3◦ (solid line) and −14.4◦ (dashed line), respectively. As shown from this
figure, the calculated ratio Rhc can reproduce the experimental measurements at the commonly
acceptable α range for θP = −19.3◦. With θP = −14.4◦, the calculated ratio Rhc is slightly larger
8than the experimental value. Furthermore, this ratio is less sensitive to the cutoff parameter α,
which is because the involved loop are same. When we take the ratio, the coupling vertices are
cancelled out, so the ratio reflects the open threshold effects through the intermediate charmed
meson loops and the mixing angle between η and η′ to some extent. In Fig. 5, we plot the η-η′
mixing angle dependence of the ratios Rhc at α = 0.3 (solid line ) and 1.0 (dashed line), respectively.
This ratio changes very small when increasing the cutoff parameter α, as a result, it can be used to
probe the η− η′ mixing. In our study, at α = 0.3, our results are consistent with the experimental
measurements in the range αP = (36.7
+2.1
−2.3)
◦, which corresponds to θP = (−18.0+2.3−2.1)◦. In the case
α = 1.0, we can reproduce the experimental data in the range αP = (36.2
+2.2
−2.4)
◦, which corresponds
to θP = (−18.5+2.4−2.2)◦. So our calculations can give a strong constrain on the η-η′ mixing angle
and we expect more precise measurements on this ratio, which may help us constrain this mixing
angle.
The η-η′ mixing angle can neither be calculated from the first principles in QCD nor measured
from experiments directly. There are a lot of studies on this subject using different methods [69–73]
and different processes, including various decay processes involving the light pseudoscalar mesons.
For example, in Ref. [59], the KLOE collaboration updated the η-η′ mixing angle value by fitting
their measurement Rφ = BR(φ → γη)/BR(φ → γη′) together with several other decay channels.
From the fit they extract the η-η′ mixing angle θP = (−14.4 ± 0.6)◦. In Ref. [74], authors studied
the η-η′ mixing up to next-to-next-to-leading-order in U(3) chiral perturbation theory in the light
of recent lattice simulations and phenomenological inputs. Within the framework of the effective
Lagrangian approach, authors perform a thorough analysis of the J/ψ → V P , J/ψ → γP together
with a few other processes to investigate this mixing problem [75]. In the future, more decay
processes involving the light pseudoscalar mesons and more precise experimental measurements
may will provide a unique method to study the η-η′ mixing effects deeply.
IV. SUMMARY
In this work, we investigate the radiative decay processes hc → γη and γη′ via intermediate
meson loop model in an effective Lagrangian approach. Our results show that the obtained branch-
ing ratios are not drastically sensitive to the cutoff parameter α to some extent. The calculated
branching ratios of hc → γη are typically at the order of 10−4 ∼ 10−3, while for hc → γη′, the
branching ratios are of order of 10−3 ∼ 10−2 in the same cutoff range. The study of these two decay
channels, especially their ratio Rhc can provide us some information on the η-η
′ mixing, which may
be helpful for us to test SU(3)-flavor symmetries in QCD. The BESIII detector will collect 3× 109
ψ′ events [76], which will provide a unique method to study the η-η′ mixing effects deeply.
9Acknowledgements
The authors are very grateful to Qiang Zhao for useful discussions. This work is supported in
part by the National Natural Science Foundation of China (Grants no.11675091).
[1] M. B. Voloshin, Prog. Part. Nucl. Phys. 61, 455 (2008) [arXiv:0711.4556 [hep-ph]].
[2] J. J. Aubert et al. [E598 Collaboration], Phys. Rev. Lett. 33 (1974) 1404.
[3] J. E. Augustin et al. [SLAC-SP-017Collaboration], Phys. Rev. Lett. 33, 1406 (1974) [Adv. Exp. Phys.
5,141 (1976)].
[4] T. Barnes, S. Godfrey and E. S. Swanson, Phys. Rev. D 72, 054026 (2005) [hep-ph/0505002].
[5] J. L. Rosner et al. [CLEO Collaboration], Phys. Rev. Lett. 95, 102003 (2005) [hep-ex/0505073].
[6] S. Dobbs et al. [CLEO Collaboration], Phys. Rev. Lett. 101, 182003 (2008) [arXiv:0805.4599 [hep-ex]].
[7] G. S. Adams et al. [CLEO Collaboration], Phys. Rev. D 80, 051106 (2009) [arXiv:0906.4470 [hep-ex]].
[8] J. X. Wang and H. F. Zhang, J. Phys. G 42, no. 2, 025004 (2015) doi:10.1088/0954-3899/42/2/025004
[arXiv:1403.5944 [hep-ph]].
[9] J. X. Wang and H. F. Zhang, Phys. Rev. D 86, 074012 (2012) [arXiv:1207.2416 [hep-ph]].
[10] G. T. Bodwin, E. Braaten, T. C. Yuan and G. P. Lepage, Phys. Rev. D 46, R3703 (1992)
[hep-ph/9208254].
[11] M. Beneke, F. Maltoni and I. Z. Rothstein, Phys. Rev. D 59, 054003 (1999) [hep-ph/9808360].
[12] Y. Jia, W. L. Sang and J. Xu, Phys. Rev. D 86, 074023 (2012) [arXiv:1206.5785 [hep-ph]].
[13] J. Z. Li, Y. Q. Ma and K. T. Chao, Phys. Rev. D 88, no. 3, 034002 (2013) [arXiv:1209.4011 [hep-ph]].
[14] F. K. Guo, C. Hanhart, G. Li, U. G. Meissner and Q. Zhao, Phys. Rev. D 82, 034025 (2010)
doi:10.1103/PhysRevD.82.034025 [arXiv:1002.2712 [hep-ph]].
[15] X. H. Liu and Q. Zhao, J. Phys. G 38, 035007 (2011) [arXiv:1004.0496 [hep-ph]].
[16] R. Zhu and J. P. Dai, arXiv:1610.00288 [hep-ph].
[17] M. Ablikim et al. [BESIII Collaboration], Phys. Rev. Lett. 116, no. 25, 251802 (2016) [arXiv:1603.04936
[hep-ex]].
[18] F. J. Gilman and R. Kauffman, Phys. Rev. D 36, 2761 (1987) Erratum: [Phys. Rev. D 37, 3348 (1988)].
[19] H. J. Lipkin, Nucl. Phys. B 291, 720 (1987). doi:10.1016/0550-3213(87)90492-5
[20] H. J. Lipkin, Phys. Lett. B 179, 278 (1986). doi:10.1016/0370-2693(86)90580-0
[21] H. J. Lipkin and S. F. Tuan, Phys. Lett. B 206, 349 (1988).
[22] P. Moxhay, Phys. Rev. D 39, 3497 (1989).
[23] Q. Wang, C. Hanhart and Q. Zhao, Phys. Lett. B 725, no. 1-3, 106 (2013) [arXiv:1305.1997 [hep-ph]].
[24] M. Cleven, Q. Wang, F. -K. Guo, C. Hanhart, U. -G. Meißner and Q. Zhao, Phys. Rev. D 87, no. 7,
074006 (2013) [arXiv:1301.6461 [hep-ph]].
[25] X. -H. Liu and G. Li, Phys. Rev. D 88, 014013 (2013) [arXiv:1306.1384 [hep-ph]].
[26] F. -K. Guo, C. Hanhart, U. -G. Meißner, Q. Wang and Q. Zhao, Phys. Lett. B 725, 127 (2013)
[arXiv:1306.3096 [hep-ph]].
10
[27] M. B. Voloshin, Phys. Rev. D 87, no. 7, 074011 (2013) [arXiv:1301.5068 [hep-ph]].
[28] M. B. Voloshin, Phys. Rev. D 84, 031502 (2011) [arXiv:1105.5829 [hep-ph]].
[29] G. Li, X. H. Liu and Q. Zhao, Eur. Phys. J. C 73, 2576 (2013).
[30] G. Li, X. h. Liu, Q. Wang and Q. Zhao, Phys. Rev. D 88, no. 1, 014010 (2013) [arXiv:1302.1745
[hep-ph]].
[31] G. Li and Q. Zhao, Phys. Rev. D 84, 074005 (2011) [arXiv:1107.2037 [hep-ph]].
[32] D. -Y. Chen and X. Liu, Phys. Rev. D 84, 094003 (2011) [arXiv:1106.3798 [hep-ph]].
[33] G. Li and X. -H. Liu, Phys. Rev. D 88, 094008 (2013) [arXiv:1307.2622 [hep-ph]].
[34] D. -Y. Chen, X. Liu and T. Matsuki, Phys. Rev. D 84, 074032 (2011) [arXiv:1108.4458 [hep-ph]].
[35] D. -Y. Chen, X. Liu and T. Matsuki, arXiv:1208.2411 [hep-ph].
[36] A. E. Bondar, A. Garmash, A. I. Milstein, R. Mizuk and M. B. Voloshin, Phys. Rev. D 84, 054010
(2011) [arXiv:1105.4473 [hep-ph]].
[37] G. Li and Z. Zhou, Phys. Rev. D 91, no. 3, 034020 (2015) [arXiv:1502.02936 [hep-ph]].
[38] G. Li, C. S. An, P. Y. Li, D. Liu, X. Zhang and Z. Zhou, Chin. Phys. C 39, no. 6, 063102 (2015)
[arXiv:1412.3221 [hep-ph]].
[39] D. -Y. Chen, X. Liu and T. Matsuki, Phys. Rev. D 88, 014034 (2013) [arXiv:1306.2080 [hep-ph]].
[40] G. Li, F. l. Shao, C. W. Zhao and Q. Zhao, Phys. Rev. D 87, no. 3, 034020 (2013) [arXiv:1212.3784
[hep-ph]].
[41] G. Li and W. Wang, Phys. Lett. B 733, 100 (2014) [arXiv:1402.6463 [hep-ph]].
[42] F. K. Guo, C. Hanhart, G. Li, U. G. Meissner and Q. Zhao, Phys. Rev. D 83, 034013 (2011)
[arXiv:1008.3632 [hep-ph]].
[43] Q. Wu, G. Li, F. Shao and R. Wang, Phys. Rev. D 94, no. 1, 014015 (2016).
[44] Q. Wu, G. Li, F. Shao, Q. Wang, R. Wang, Y. Zhang and Y. Zheng, Adv. High Energy Phys. 2016,
3729050 (2016) doi:10.1155/2016/3729050 [arXiv:1606.05118 [hep-ph]].
[45] X. H. Liu and G. Li, Eur. Phys. J. C 76, no. 8, 455 (2016) doi:10.1140/epjc/s10052-016-4308-1
[arXiv:1603.00708 [hep-ph]].
[46] G. Li, X. H. Liu and Z. Zhou, Phys. Rev. D 90, no. 5, 054006 (2014) doi:10.1103/PhysRevD.90.054006
[arXiv:1409.0754 [hep-ph]].
[47] Y. J. Zhang, G. Li and Q. Zhao, Chin. Phys. C 34, no. 9, 1181 (2010). doi:10.1088/1674-1137/34/9/006
[48] C. W. Zhao, G. Li, X. H. Liu and F. L. Shao, Eur. Phys. J. C 73, 2482 (2013). doi:10.1140/epjc/s10052-
013-2482-y
[49] G. Li, Eur. Phys. J. C 73, no. 11, 2621 (2013) doi:10.1140/epjc/s10052-013-2621-5 [arXiv:1304.4458
[hep-ph]].
[50] Q. Wang, G. Li and Q. Zhao, Phys. Rev. D 85, 074015 (2012) doi:10.1103/PhysRevD.85.074015
[arXiv:1201.1681 [hep-ph]].
[51] Y. J. Zhang, G. Li and Q. Zhao, Phys. Rev. Lett. 102, 172001 (2009) [arXiv:0902.1300 [hep-ph]].
[52] G. Li and Q. Zhao, Phys. Lett. B 670, 55 (2008) doi:10.1016/j.physletb.2008.10.033 [arXiv:0709.4639
[hep-ph]].
[53] G. Li, Q. Zhao and C. H. Chang, J. Phys. G 35, 055002 (2008) doi:10.1088/0954-3899/35/5/055002
[hep-ph/0701020].
11
[54] P. Colangelo, F. De Fazio and T. N. Pham, Phys. Rev. D 69, 054023 (2004) [hep-ph/0310084].
[55] R. Casalbuoni, A. Deandrea, N. Di Bartolomeo, R. Gatto, F. Feruglio and G. Nardulli, Phys. Rept.
281, 145 (1997) [hep-ph/9605342].
[56] H. Y. Cheng, C. K. Chua and A. Soni, Phys. Rev. D 71, 014030 (2005) [hep-ph/0409317].
[57] K. A. Olive et al. [Particle Data Group Collaboration], Chin. Phys. C 38, 090001 (2014).
[58] X. Liu, X. Q. Zeng and X. Q. Li, Phys. Rev. D 74, 074003 (2006) [hep-ph/0606191].
[59] F. Ambrosino et al., JHEP 0907, 105 (2009) doi:10.1088/1126-6708/2009/07/105 [arXiv:0906.3819
[hep-ph]].
[60] Y. Dong, A. Faessler, T. Gutsche and V. E. Lyubovitskij, J. Phys. G 38, 015001 (2011) [arXiv:0909.0380
[hep-ph]].
[61] T. Mehen and D. L. Yang, Phys. Rev. D 85, 014002 (2012) [arXiv:1111.3884 [hep-ph]].
[62] J. Hu and T. Mehen, Phys. Rev. D 73, 054003 (2006) [hep-ph/0511321].
[63] J. F. Amundson, C. G. Boyd, E. E. Jenkins, M. E. Luke, A. V. Manohar, J. L. Rosner, M. J. Savage
and M. B. Wise, Phys. Lett. B 296, 415 (1992) [hep-ph/9209241].
[64] M. P. Locher, Y. Lu and B. S. Zou, Z. Phys. A 347, 281 (1994) [nucl-th/9311021].
[65] X. Q. Li and B. S. Zou, Phys. Lett. B 399, 297 (1997) [hep-ph/9611223].
[66] X. Q. Li, D. V. Bugg and B. S. Zou, Phys. Rev. D 55, 1421 (1997). doi:10.1103/PhysRevD.55.1421
[67] Y. b. Dong, A. Faessler, T. Gutsche and V. E. Lyubovitskij, Phys. Rev. D 77, 094013 (2008)
doi:10.1103/PhysRevD.77.094013 [arXiv:0802.3610 [hep-ph]].
[68] S. L. Zhu, W. Y. P. Hwang and Z. s. Yang, Mod. Phys. Lett. A 12, 3027 (1997) [hep-ph/9610412].
[69] H. Leutwyler, Phys. Lett. B 374, 163 (1996) doi:10.1016/0370-2693(96)85876-X [hep-ph/9601234].
[70] J.-M. Gerard and E. Kou, Phys. Lett. B 616, 85 (2005) doi:10.1016/j.physletb.2005.04.057
[hep-ph/0411292].
[71] J. Schechter, A. Subbaraman and H. Weigel, Phys. Rev. D 48, 339 (1993) doi:10.1103/PhysRevD.48.339
[hep-ph/9211239].
[72] T. Feldmann, P. Kroll and B. Stech, Phys. Rev. D 58, 114006 (1998) doi:10.1103/PhysRevD.58.114006
[hep-ph/9802409].
[73] R. Escribano, Acta Phys. Polon. Supp. 2, 71 (2009) [arXiv:0812.0628 [hep-ph]].
[74] X. K. Guo, Z. H. Guo, J. A. Oller and J. J. Sanz-Cillero, JHEP 1506, 175 (2015) [arXiv:1503.02248
[hep-ph]].
[75] Y. H. Chen, Z. H. Guo and B. S. Zou, Phys. Rev. D 91, 014010 (2015) doi:10.1103/PhysRevD.91.014010
[arXiv:1411.1159 [hep-ph]].
[76] D. M. Asner et al., Int. J. Mod. Phys. A 24, S1 (2009) [arXiv:0809.1869 [hep-ex]].
